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ABSTRACT                                                                                                                               
Emissions from twelve in-service heavy-duty buses powered by low- (LSD) and ultra low-sulfur 
(ULSD) diesel fuels were measured with the aim to characterize the profile of polycyclic 
aromatic hydrocarbons (PAHs) in the exhaust and to identify the effect of different types of fuels 
on the emissions. To mimic on-road conditions as much as possible, sampling was conducted on 
a chassis dynamometer at four driving modes, namely: mode 7 or idle (0% power), mode 11 
(25% power), mode 10 (50% power) and mode 8 (100% power). Irrespective of the type of fuel 
used, naphthalene, acenaphthene, acenaphthylene, anthracene, phenanthrene, fluorene, 
fluoranthene and pyrene were found to be the dominant PAHs in the exhaust emissions of the 
buses. However, the PAH composition in the exhausts of ULSD buses were up to 91 ± 6% less 
than those in the LSD buses. In particular, three- and four-ringed PAHs were more abundant in 
the later than in the former.  Lowering of fuel sulfur content not only reduced PAH emission, it 
decreased the BAPeq and hence the toxicity of the exhaust. Result from multicriteria decision 
making and multivariate data analysis techniques showed that the use of ULSD afforded cleaner 
exhaust compositions and emissions with characteristics that are distinct from those obtained by 
the use of LSD.   
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INTRODUCTION 
Motorized vehicles are the most important means of transporting passengers and goods. In 
Australia, about 9.3% of the total number of registered vehicles (approximately 13.2 million 
vehicles) were powered by diesel fuel in 2003 and since 1999, the number of vehicles 
manufactured to use diesel fuel has increased by 20% (ABS, 2003).  
Diesel vehicles were reported to be responsible for about 80% of the PAH emissions in 
Australia at the beginning of the century (DEH, 2000) and there are growing concerns about the 
health effects of vehicular exhaust emissions. Therefore, various types of alternative fuel 
formulations are being explored for heavy- and light-duty vehicles. Among these, reductions in 
the sulfur content of diesel fuel and the use of Liquefied Petroleum Gas (LPG) have received 
substantial commendation for public transport (Beer et al., 2004). Consequently, the maximum 
sulfur content in diesel was reduced in Australia from 5000 ppm to 500 ppm (hereafter referred 
to as low sulfur diesel) in 2002. In order to conform to Euro 4 standards, there are plans to 
further reduce the maximum sulfur content of diesel to 50 ppm (subsequently designated ultra 
low sulfur diesel) in 2006. 
In the context of a greener environment and healthier population, such moves are 
attractive to environmentalists, toxicologists, public transport operators and the public alike. 
However, there is substantial controversy in the literature about the influence of fuel sulfur 
content on the emissions of particulate and PAH from diesel powered engines (Opris et al., 
2001; Vaaraslati et al., 2004). Some evidence suggests that the level of sulfur in diesel markedly 
influence the formation of sulfuric acid, particulate matter and PAHs (e.g Vaaraslati et al., 
2004). On the contrary, some authors have shown that lower sulfur content of fuel has limited 
effects on the control of particulate matter (Bagley et al., 1996) and PAHs (Wall et al., 2001). 
Other researchers have proposed that fuel sulfur contents affect particulate size distribution and 
contribute to the corrosive wear of the engine (Opris et al., 2001). One case in point reports that 
under certain conditions, the number of nucleation mode particles correlate positively with the 
 3
sulfur content of the fuel (Vaaraslati et al., 2004). Additionally, Opris et al. (2001) have shown 
that the mutagenic activity of diesel exhaust generally decreased with increasing fuel sulfur 
concentration and that higher PAH emissions (particularly vapour-phased PAHs) are associated 
with lower sulfur fuels. Thus, the role of fuel sulfur content on the characteristics of vehicular 
exhaust emission is still a black box.  
To understand fully the processes and conditions that enhance or lessen the presence of 
PAHs in exhaust emissions, characterization of PAHs in light, medium and heavy-duty diesel 
exhaust emissions have been undertaken by several researchers (Schauer et al., 1999; Mitchell et 
al., 2000; Abbass et al., 2000a; Abrantes et al., 2004).  As a result of such studies, it is now 
fairly well established that emission factors depend on (i) the mechanical conditions of the 
vehicle, (ii) type of fuel (iii) type of lubricant, (iv) driving conditions and (v) presence or 
absence of catalytic converters (Vaaraslati et al., 2004). In addition, it is also now fairly well 
accepted that PAHs sources in the exhausts of diesel-powered vehicles include: unburned fuel, 
lubricating oil and pyrosynthesis within the engine. In particular, some substantial articles have 
suggested that unburned fuel is the main source of PAHs in the vehicular exhaust emission and 
that any attempt to reduce PAHs in the exhaust should be focused on fuel formulation 
(Westerholm and Li, 1994; Mi et al., 2000). However, there is limited information on the 
influence of fuel sulfur content on PAH emission. Therefore, part of the aims of the present 
study is to test whether the reduction of diesel sulfur content translate into reduced emissions of 
PAHs under real world conditions. Other aims include: the exploration of the relationship 
between (i) the PAH contents of the fuel and the PAH composition of the emissions and (ii) the 
engine operating conditions and the PAH content of exhaust emissions. To date, very few 
studies of this nature have been carried out on a fleet of engines with varying characteristics. 
The present study thus represents a concerted effort to explore the effect of the sulfur content of 
diesel fuel on the PAH profile and toxicity of the emissions from buses.  
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Due to the fairly large data matrices involved (up to 95 objects and 24 variables, in some 
cases) recourse was made to multivariate data analysis techniques in order to elucidate and 
interpret the emission data. Data projection techniques such as principal component analysis 
(PCA) and partial least square regression (PLS) have previously been applied to vehicular 
exhaust emission data. For example, in one underground traffic tunnel study, good correlation 
was found between the concentrations of emitted PAHs and percentage of heavy-duty vehicles 
(HDV) (Wingfors et al., 2001). In another study by Westerholm and Li (1994), PLS and PCA 
were employed to demonstrate that the emission of PAHs was strictly influenced by the PAHs 
content in the fuel and that exhaust emissions of PAHs could be reduced if diesel fuel of low 
PAH contents was used. However, the multi-criteria decision making methods, Preference 
Ranking Organization Method for Enrichment Evaluation (PROMETHEE) and Geometrical 
Analysis for Interactive Aid (GAIA) have not been applied to exhaust emission data. It was 
reasoned that PROMETHEE, an outranking method would allow ranking analysis and provide 
information on the best conditions for the reduction of PAHs emission while GAIA would elicit 
information on the structure of the emission data. 
EXPERIMENTAL METHODS 
Tailpipe sampling of diesel powered buses 
Twelve in-service Volvo and MAN SL200 diesel city council buses powered by two commercial 
diesel fuels, LSD and ULSD (supplied by BP Australia), were tested separately on a chassis 
dynamometer during two measurement rounds. The odometer readings of the buses varied from 
117,000 - 930,000 km while their ages ranged from 1 - 19 years. Each of the Volvo buses had an 
engine capacity of 10L and the engine capacities of the MAN SL200 buses were 9L. None of the 
tested buses was fitted with a catalyst converter and fuels from the same production batch were 
used for all vehicles. The characteristics of each type of fuel are presented in Table 1. 
Measurements were carried out for mode 7 or idle mode (0% power), mode 11 (25% power), 
mode 10 (50%) and mode 8 (100%). These four modes were selected from the standard thirteen-
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mode SAE test cycle for Heavy Duty Vehicles (HDV).  Thus, at the start of each test cycle, the 
engine was allowed to run for a few minutes until the exhaust temperature and CO2 gas 
concentrations have attained steady state values. The buses were then operated for 
approximately 30 min in mode 7, 20 min in modes 11 and 10, and 10 min in mode 8 in order to 
collect measurable masses of particulate matter for PAH analysis in each mode. To avoid 
overheating of the engines during the test cycles, shorter test duration of 10 min was applied to 
buses running at full power in mode 8.  
Details of the sampling line have been presented earlier (Morawska et al., 1998). In 
summary, the tail pipe of the bus exhaust was attached to the primary sampling line and an 
elongated pipe, which directed the exhaust gases away from the working area. A small portion 
of the exhaust, which was subsequently diluted with ambient air drawn through a HEPA filter, 
was allowed to flow through the primary sampling line and the dilution ratio was calculated as 
the ratio of the concentrations of carbon dioxide in the primary sampling line to that in the 
dilution tunnel. Throughout the study, the dilution ratios and exhaust flow rates ranged from 1 to 
26 and 2500 to 27500 L min-1 respectively.  Samples for the PAH analyses were collected from 
the dilution tunnel at temperatures below 550C by using a high velocity pump, with a variable 
flow rate ranging from 0.01 to 0.02 m3 min-1. To ensure the complete collection of vapour- and 
particle-phased PAHs, a Gelman glass fiber filter (47 mm) held in a polycarbonate filter holder 
and placed in series with a glass cartridge containing 7 grams of Amberlite XAD-2 were used to 
collect particle- and vapour-phased PAHs respectively.  
The particle number concentration (PN) was measured by TSI Model 3934 Scanning 
Mobility Particle Sizer; at least three separate scans were obtained at each mode. The 
concentrations of carbon dioxide (CO2), oxides of nitrogen (NOx) and carbon monoxide (CO) 
were measured at regular intervals using a portable gas analyzer. Temperature in the primary 
sampling line was measured in each mode with an electronic thermometer. Further information 
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on the results of the parameters mentioned in this paragraph is discussed elsewhere (Ristovski et 
al., 2005). 
Chemical Analysis 
After sampling, the filters and XAD cartridges were wrapped with aluminum foil and stored at -
15oC before analysis.  Each sample was extracted three times with a mixture of analytical grade 
dichloromethane and hexane (2:1) for at least thirty minutes each time, with a total extraction 
time of at least 90 min. Following the extraction, the extracts were cleaned up in order to 
eliminate interferences from sampling artifacts. The clean up procedure entailed drying of the 
extract and removal of any solid debris by passing the extract through a column packed with 
silica SepPak mesh no. 60, topped with 1 cm of anhydrous sodium sulfate. The volume of the 
solvent in the dry extract was subsequently reduced to about 5 cm3 on a rotary evaporator at 
36oC and finally to 1 cm3 with a stream of high purity nitrogen. Field and laboratory blank 
samples were extracted in a similar manner. Fuel samples supplied by BP Australia were also 
cleaned up using the above procedure.  
PAH analysis were performed on HP 6890 GC FID with an automated injector and fitted 
with a Restek-5MS capillary column (30.0m x 0.32mm x 0.25μm).  The oven temperature was 
programmed to 80oC for 4 min and then raised to 320oC at 10oC min-1, giving a run time of 38 
min. Quantification of the PAHs was undertaken with reference to QTM PAH mix, which was 
purchased from Supelco and contained the following PAHs in dichloromethane: naphthalene 
(NAP), 2-bromo naphthalene (BNAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene 
(FLU), phenanthrene (PHE), anthracene (ANT), benzo(a)anthracene (BAA), chrysene (CHR), 
pyrene (PYR), fluoranthene (FLT), benzo(a)pyrene (BAP), dibenzo(a,h)anthracene (DBA), 
benzo(b)fluoranthene (BBF), indeno(1,2,3-cd)pyrene (IND) and benzo(g,h,i)perylene (BGP). 
NIOSH method 5515 (1994) and California Environmental Protection Agency Method 429 were 
used as the guidelines for the quantification and quality assurance. Under the condition 
employed for the analysis, CRY + BAA on one hand and IND + DBA on the other hand co-
 7
eluted and the quoted concentration/emission factors for these PAHs are the values for the co-
eluted compounds. 
In order to compare the PAHs emission factors of the buses and with literature values, it 
was necessary to express both sets of results in the same units. Thus, the emission factors of the 
buses were converted to μg km-1 using the speeds indicated for each power settings. Since the 
speed in mode 7 was zero, the results of this mode were not reported as emission factors and are 
not discussed as such. 
Quality Assurance Measures 
All solvents used were obtained from Sigma-Aldrich and were of analytical reagent quality. 
Before sampling, the glass fibre filters were extracted thrice (thirty minutes each time) in 
dichloromethane in an ultrasonic bath and baked in muffle furnace to incinerate any trace of 
organic compounds that may be present in the filters. The conditioned filters were then wrapped 
in aluminum foil that has been rinsed with hexane and sealed in a clean plastic bag. Bulk 
Amberlite XAD-2 and glass wool were also extracted with dichloromethane in an ultrasonic 
bath for thirty minutes and dried in a 21 cm x 3.5 cm ID glass tube by purging it with high purity 
nitrogen gas at about 65oC overnight. The glass wool was dried in an oven at 120oC. Cleaned 
glass fibre filters and dried XAD were stored in a freezer until they were required. A similar 
storage procedure was used for field blank filters or XAD-2 tubes. Field blanks were obtained 
on the sampling site from each batch of solvent-cleaned filters and XAD-2 cartridges were used 
for the determination of blank PAH values. 
Spiking of anthracene-d10 onto the samples collected with glass filters and XAD-2 tubes 
gave very good recovery rates (80% – 115%). Quantification of the analytes was undertaken by 
comparing the retention times and peak areas to the external calibration of the QTM PAH mix. 
Continuing calibrations for all PAHs analytes were performed after the analysis of every 10 
samples to document acceptable capillary column performance (California EPA, 1989) and the 
relative response factor of each analyte was assured to within 30 percent of the mean values 
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established during the initial calibration. Replicate determinations of a PAH standard and a few 
selected samples agreed to within 3% of each other. The detection limits of the PAHs in the 
samples collected on glass filters and XAD-2 tubes were 44 ng to 50 ng per sample. 
DATA ANALYSIS 
Toxicity analysis 
Some of the PAHs studied exhibit high toxicity. Therefore, the toxicity of the PAHs measured in 
each exhaust sample was estimated based on their BAP equivalent (BAPeq). To facilitate this, a 
few toxicity equivalency factors (TEFs) scales are available in the literature but the one 
proposed by Nisbet and LaGoy (1992) and described by Petry et al. (1996) and Mi et al. (2001) 
is the most widely used. This scale was adopted in the current study and the results enabled the 
potential toxicity of the PAHs emitted by the different vehicles to be compared. Additionally, it 
facilitated the assessment of the health risks associated with the use of fuels with lower sulfur 
contents. The total BAPeq is obtained without taking into account the BAPeq of the co-eluted 
PAHs (CHR+BAA and IND+DBA). 
Multivariate analysis 
In order to rank the PAH contents of the emissions from the engines, the multi-criteria decision 
making procedures, PROMETHEE coupled with GAIA were employed. These procedures not 
only provided ranking information, they facilitated the elucidation and interpretation of patterns 
in the emission data. The Principal Component Analysis (PCA) type results that were obtained 
from GAIA analyses were used to investigate the association of the PAHs with other physical 
and chemical data such as engine power, dilution tunnel temperature, count median diameter 
(CMD) as well as particle number concentrations (PN), total suspended particles (TSP) and the 
emission factors of CO, CO2, and NOx.  
PROMETHEE AND GAIA 
A full detail of the mathematical treatment and application tutorials of PROMETHEE and GAIA 
procedures have been previously discussed (Ayoko et al., 2003; Ayoko et al., 2004). 
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PROMETHEE ranks a number of objects (in this case, buses operating in certain modes) 
according to preference and pre-selected weighting conditions applied to the variables (emission 
factors of individual PAHs). In order to facilitate this ranking procedure, there are six preference 
functions (P). Of these, the V-shaped function enabled simple linear models bound by zero and 
the nominated thresholds (usually the highest entry in each column) to be applied to each 
variable. Therefore, this function was applied to each variable in accordance with the 
“minimised” preference condition since lower values indicate that lower PAHs emission values 
were preferred. The preference function P(A,B) describes how object A is preferred over object 
B and vice versa. All objects are compared pairwise in all possible combinations by subtraction 
and these results in a difference, d, for each comparison. 
To refine the preference selection process, positive and negative outranking flows, φ+ and φ-, 
respectively were computed. The sum of the preference values for each object gives a value 
called a ‘decision axis’, π, which indicates the preference of one object over another. φ+ 
expresses how each object outranks all others while φ - indicates how each object is outranked 
by all the other objects. By applying the set of rules described previously, a partial pre-order was 
obtained by PROMETHEE I. Each partial pre-order highlights one of the following three 
possible outcomes. Firstly, one object is preferred to another. Secondly, there is no difference 
between the two objects and lastly, the objects cannot be compared. This type of partial pre-
ordering of objects can be represented by a flow chart where comparable objects are joined by 
one or more arrows, incomparable objects are unconnected by arrows and comparable objects to 
the left of any object are preferred to that object. A more complete ranking order, PROMETHEE 
II, can be obtained when the net out ranking flow, φ = φ+ - φ-, is calculated. The main 
significance of this non-parametric multivariate ranking procedure is that it is applicable to a 
matrix containing a few samples.  
GAIA, on the other hand, is a unique form of Principal Component Analysis (PCA) used for 
the visual display and evaluation of PROMETHEE results. It reduces a large number of 
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variables into a two principal components (PC1 and PC2) biplot, which shows visually how 
objects relate to one another and to the variables as well as how variables relate to each other. In 
addition, it displays the decision axis, π, which guides the selection of the most preferred 
objects. GAIA analysis was interpreted in this work according to the guidelines provided by 
Espinasse et al. (1997).  
RESULTS AND DISCUSSION 
Characterization of PAH exhaust emissions  
In this study, ten Volvo buses and two MAN buses were tested in each of the two runs. Large 
variations in the PAH emission factors of the twelve buses were found as exemplified by the 
box-and-whisker plots in Figure 1. However, the average total emission factors of the buses at 
every mode were below the total emission factor of 76,000 μg km-1 that was estimated for LSD-
powered HDV by Beer et al. (2004). The large variations observed in the box-and-whiskers 
plots (Figure 1) suggest that the emissions of PAHs from diesel engines are strongly dependent 
on the mechanical state of the engines. Thus, an appreciable reduction in exhaust PAHs might be 
achieved by tuning the engine. Interestingly, increasing engine powers from mode 11 to mode 8 
led to significant increases in the variations of emitted PAHs when LSD fuels were employed 
but not when ULSD fuel was used. There is no immediate explanation for this observation but it 
is worth noting that the large variations observed by Westerholm and Li (1994) for two HDV 
with similar engine specifications and powered by eight types of diesel fuels were rationalized in 
terms of the levels of fuel PAHs and the fact that emission studies conducted by means of 
dynamometer tests tended to yield large variations in the results. Such large variation in 
emission factors have also been observed in other similar studies (e.g Pierson et al., 1996; 
Wingfors et al., 2001; Shah et al, 2005). On the average, ULSD fuel gave up to 91 ± 6% lower 
PAH emissions than LSD in this current study. This is also consistent with the reduction of up to 
80% in PAH emission rate when lower sulfur diesel was used in place of higher sulfur diesel by 
Westerholm and Li (1994). 
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For each type of fuel, ANOVA tests showed that there is no statistically significant 
difference at 95% confidence interval (CI) between the total emission factors of PAHs at each 
mode. It should be noted that ANOVA analysis assumed the variance in the residuals (difference 
between the raw data and the mean value) are homogenous and that the residual values are 
normally distributed. A t-test analysis for the comparison of the means of emission factors 
obtained for buses powered by both types of fuels at every mode, on the other hand, indicated 
that the emissions factors are significantly different (P-values < 0.01). In keeping with this, the 
means of the total emission factors of PAHs from buses powered by LSD were of the orders of 
6.6, 16.0 and 23.1 higher than those powered by ULSD in mode 11, 10 and 8 respectively. 
Therefore, the type of fuel significantly affect the total PAH emission factors of these buses.  
The mean emission factors of total vapour- and particle-phased PAH in modes 11, 10 
and 8 are tabulated in Table 2. Following the example of Li et al. (2003), in order to discuss the 
results, the PAHs were grouped into three sets according to their molecular weights and the 
number of rings they have. Set 1 consisted of low molecular weight PAHs with 2 rings such as 
NAP and BNAP, set 2 contained medium molecular weight PAHs with 3 or 4 rings like ACY, 
ACE, FLU, PHE, ANT, BAA, CHR, PYR and FLT while set 3 features 5 or 6 ringed high 
molecular weight PAHs such as BAP, DBA, BBF, IND and BGP. The average emission factors 
for each set of PAHs are plotted in Figure 2. 
The most significant contributors to the total emission factors of the buses are the 2 
ringed PAHs, which exist predominantly in the vapour phase. In some cases, LSD powered 
buses produce as much as 118 times the levels of such PAHs as their ULSD counterparts. It is 
well known that the PAHs in the exhausts of engines originate from unburned fuel, unburned 
lubricant, partial oxidation of products of fuel, partial oxidation products of lubricants, pyrolysis 
products of the lubricant oil, pyrolysis products of the fuel and fuel additives (Rogge et al., 
1993). Therefore, the higher levels of 2 ringed PAHs in the exhaust of LSD powered buses 
might be due to the relatively large amount of NAP in LSD fuel. Three and four ringed PAHs, 
 12
especially ANT, PHE, FLT and PYR are also present in quantifiable amounts in the exhaust of 
these buses. The emission factors of these PAHs are of the orders of 3.2, 13.8 and 21.8 times 
higher in mode 11, mode 10 and mode 8 of LSD buses than in the corresponding modes of 
ULSD buses. A similar elevation in the emission factors of PAHs by vehicles powered by diesel 
fuels with higher sulfur-contents was reported by Westerholm et al. (2001), who showed that the 
combustion of 440 ppm sulfur diesel fuel emitted PAHs at orders that were up to 8.5 times 
higher than those obtained for the 0.7 ppm sulfur diesel fuel. On the other hand, the emission 
factors of five and six ringed PAHs were rather low in vehicles powered by both types of fuels. 
In particular, the emission factors of IND, DBA and BGP in the exhausts of ULSD buses were 
generally below their limits of quantification (< 0.6 μg km-1). This is probably due to the 
absence of five and six-ringed PAHs at measurable amounts in the raw diesel fuels, as shown in 
Table 1.  
Effect of fuel PAH content 
In keeping with the findings of Marr et al. (1999), many of the highest molecular weight PAHs 
was not found in the diesel fuels (Table 1). As can be seen in Table 1, apart from ACY and 
ANT, the PAH content of LSD fuel were generally higher than those of ULSD. Interestingly, 
apart from ANT, IND+DBA and BGP, a similar trend was observed when the emission factors 
of PAHs (Table 2) from the exhausts of LSD buses (N=34) and ULSD buses (N=36) at Modes 
8, 10 and 11 were compared with the concentrations of the PAHs in the fuels. .  
It is also noteworthy that apart from ACY, PAHs which were higher in LSD than ULSD 
were always higher in the exhausts of the LSD powered buses than those of ULSD buses. The 
consistency of this trend under Modes 8, 10 and 11 suggests that regardless of the type of heavy 
duty engine and driving mode, unburnt PAHs in the fuel are important contributors to exhaust 
emissions of PAHs from HDV, as noted previously by other authors (e.g Abbass et al., 2000a). 
However, IND+DBA and BGP were not present at detectable levels in LSD or ULSD fuel but 
were detected in the emissions of the buses. Therefore, pyrosynthesis of PAHs in the hot engine 
 13
chambers must be important. Indeed, it had previously been shown that pyrosynthesis contribute 
up to 60% of the exhaust PAHs in heavy duty vehicles (Westerholm and Li, 1994) and that 80% 
of the total PAHs in the exhausts of HDV powered by diesel fuels with 280 - 470 ppm sulfur 
contents originated from fuel tri-aromatic compounds (Mitchell et al., 2000). Similarly, chemical 
thermodynamic data were used to show that fuel tri-aromatics, di-aromatics and naphthalene 
significantly affect PAH formation and that the influence of poly-aromatics on PAH formation is 
enhanced by their synergistic effects with naphthalene (Tanaka et al., 1998). Although the 
contributions of unburnt fuel PAHs, lubricating oils and pyrosynthesis were not investigated 
specifically in the present study, the presence of five-ringed and larger PAHs in the exhaust 
emissions suggest that pyrosynthesis from lower molecular weight aromatic compounds 
contribute to the emission of larger PAHs in this work. It is therefore reasonable to suggest that 
reduction of fuel PAH and poly-aromatic compositions would translate into lower exhaust PAH 
emissions.  
Apart from their sulfur and aromatic contents, the chemical properties of the LSD and 
ULSD fuels are broadly similar (Table 1). Hence, differences in the emission factors of PAHs 
from the engines might be attributed to differences in the sulfur and aromatic contents of the 
fuels. Since the sulfur and aromatic contents of the ULSD are lower than those of the LSD, it is 
not immediately obvious whether the lower PAH emission factors observed for vehicles 
powered by ULSD are due to the sulfur or aromatic content of the fuel. Further discussion on 
this issue will be undertaken later in this paper.  
Effect of power 
Engine operating conditions have significant effects on the emission factors of PAHs in this and 
past studies (Mi et al., 2000; Abbass et al., 2000b; Johansen et al., 2000). Thus ANOVA analysis 
at 95% CI showed that differences in the emission factors at various modes were significant with 
P-values of 0.01 and 0.03 for LSD and ULSD buses respectively. In accordance with the results 
in the literature (Mi et al., 2000), regardless of the type of fuel used, when the same cruising 
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speed was maintained, higher engine load resulted in higher PAH emission factors. It is known 
that higher combustion temperature increases the rate of PAH pyrosynthesis but also facilitate 
the decomposition of PAHs (Mi et al., 2000). Although the prevalent mechanism for the increase 
in PAH emission with increased engine load was not specifically investigated, it is reasonable to 
infer that as proposed by Alander et al. (2004), the formation of incomplete combustion products 
such as PAHs will be favoured by richer combustion and  higher power output in the engines. 
The evaluation of toxicity of PAHs in the exhaust 
BAP has been recognized as one of the most carcinogenic PAHs. Therefore, the BAP emission 
factors as well as BAP equivalence (BAPeq) of the emission factors from the exhausts of 
vehicles powered by LSD and ULSD were compared. Compared to the ULSD powered buses, 
the BAP emission factors of LSD buses are correspondingly higher than those for ULSD buses 
in modes 11, 10 and 8. However, the BAP emission factors for both LSD and ULSD powered 
vehicles were generally comparable to those reported for heavy duty and light duty vehicles in 
the literature. For example, the emission factors of 11.4 - 82.1 μg km-1 and 28.2 µg km-1 were 
reported for heavy duty (MSC-E, 2001) and light duty vehicles (Abrantes et al., 2004) 
respectively. 
In addition to comparison of the BAP emission factors, the toxicity of the exhaust 
emission may be estimated by using the toxicity equivalency factors (TEFs) of the PAHs 
investigated. As mentioned in the data analysis section, the toxicity equivalency factors (TEFs) 
proposed Nisbet and LaGoy (1992) was used to evaluate the BAPeq of emissions from the buses 
and the results were summarized in Figure 3. It is evident from the Figure that vapour-phased 
PAHs contributed more than 90% of the PAH emission factors of the LSD buses and about 85 % 
of the total BAPeq of the emission. On the other hand, vapour-phased PAHs contributed 40-48% 
of the total PAHs emission factors of ULSD buses and about 50% of the BAPeq of their 
emissions.  
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Regardless of the fuel used, vapour-phased PAHs contributed more to the total BAPeq 
than particle-phased PAHs. This observation has a significant implication for urban air quality 
management and exposure of the population in areas where these city buses operate. In addition, 
it debunks the myth that only particle–phased PAHs should be avoided because of their adverse 
health effects. 
Multivariate analysis 
The ANOVA and t-test statistical analysis showed that there are significant differences in the 
emission factors of PAHs from LSD and ULSD powered buses. But because of the large number 
of variables in the data, it is necessary to apply multivariate data analysis techniques to it in 
order to explore its structure and facilitate its interpretation. The results of such analyses are 
described below.  
PROMETHEE ranking of the emissions from the buses 
The results of the PROMETHEE II complete ranking (φ) of the emissions from the buses are 
presented in Table 3. Prior to the ranking analysis, the variables (PAH emission factors at modes 
8, 10 and 11) were “minimised” in keeping with the premise that buses with lower PAH 
emission factors are better for the environment. As can be seen in Table 3, with few exceptions, 
the best performing buses were usually those that used ULSD while the worst performing buses 
were those powered by LSD. This result corroborates earlier suggestions that low sulfur diesel 
fuels significantly reduce PAH emission in diesel engines and justifies the desire of public 
transport fleet operators to replace the LSD fuel with ULSD fuel. 
GAIA analysis/PCA 
Exploratory PCA was carried out on the data by means of the special PCA procedure, GAIA and 
by SIMCA-P Version 10 software. The initial results showed that the objects (emission data for 
different buses using different fuels at different driving modes) were well dispersed and that no 
clear-cut separation occurred on the basis of the fuels used. Rather the objects clustered together 
more often on the basis of the driving mode, in keeping with the fact that engine operating 
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conditions exert very strong influence on emission from diesel powered vehicles. To explore the 
other parameters that contribute to emissions of PAHs, sub-matrices consisting of emission data 
for driving modes 11, 10 and 8 were analysed with the results displayed in Figure 4. It is 
apparent from the Figure that in each mode, emission data were separated on PC1 on the basis of 
the fuel used and that the decision axis, π points towards ULSD powered buses. Again, this is 
suggesting that the least emission of PAHs occurs when this fuel is used. To confirm that the 
objects can be separated on the basis on the type of fuel, a Cooman’s plot was drawn from 
separate models developed for the LSD and ULSD data. The result displayed in Figure 5 
showed that apart from Bus4M8ULSD, Bus4M10ULSD, Bus10M11LSD, Bus4M10LSD, 
Bus6M8LSD and Bus12M11LSD, the emission data were confidently classified according to the 
type of fuel used. (Note: the number preceding letter M denotes the identity of the bus while the 
number following letter M shows the engine mode; thus Bus4M8ULSD indicates Bus 4 operated 
at mode 8 with ULSD fuel.) This result confirms that fuel characteristics markedly affect 
emission from diesel engine.  
To broaden the range of variables included in the multivariate analysis, a model was 
constructed with 70 objects and 25 variables  (consisting of emission factors for 14 PAHs, as 
well as the particle count median diameter (CMD), exhaust air temperature, fuel sulfur content, 
fuel index, fuel distillation temperature, fuel density, engine power, TSP, odometer reading, 
particle number concentrations (PN) and age of each bus and emission factors for CO, CO2 and 
NOX expressed in units of mg km-1 (Ristovski et al., 2005).  A 5-component model, which 
accounted for about 68% of the data variance, was obtained. The PC1 versus PC2 scores plot 
showed that the objects clustered together on the basis of the driving modes rather than the type 
of fuel used. This suggests that the type of fuel is not the only parameter that influences 
emissions from diesel engines. The loadings plot, on the other hand, showed that apart from the 
FLU, IND + DBA, BGP and CMD, most of the variables have positive PC1 loadings while 
power, age, odometer reading, PN and exhaust temperature have negative PC2 loadings. 
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Clustering of variables was apparent from the loadings plot. In particular, it is noteworthy that 
some instructive patterns were evident: (i) as expected, the age and odometer reading of the 
buses are closely correlated with each other (ii) age and odometer reading are fairly well 
correlated with CO and NOx, (iii) power and exhaust air temperature are strongly correlated 
with each other and with PN, CO2, TSP, CO and NOx but are only fairly correlated with Total 
PAH emission factor, (iii) CMD is negatively correlated with PN and power (a possible 
explanation for this last observation is that, at higher engine powers, the increase in PN is mostly 
due to a sharp increase in nanoparticles (Ristovski et al., 2005)) and (iv) individual PAHs are 
correlated with each other but the correlation between PAHs and CO or CO2 was not strong. 
This corroborates the observation made by Abrantes et al. (2004) and Yang et al. (2004), who 
showed that although PAHs and CO are both products of incomplete combustion, PAH 
emissions does not always correlate positively with CO or CO2 in the exhausts of light duty 
vehicles and in motorcycles respectively. An oxidation catalyst should reduce both CO and 
gaseous hydrocarbons in the exhaust but the conversion efficiencies of the catalyst for CO and 
PAHs may be quite different (Yang et al., 2004). Additionally, although it has been proposed 
that catalytic converters reduce PAH emissions because they reduce the amount of gaseous 
organic substances transferred onto particles when the engines cools, the mechanism of 
oxidation of particle-bound organics is far from being fully understood (Alander et al., 2004)  
An attempt was made to examine the data by Partial Least Square analysis (PLS). Thus 
the expanded matrix (70 objects) consisting of emission factors of pollutants (Y variables) and 
engine power, exhaust temperature, age and odometer readings of the vehicles as predictors (X 
variables) were submitted to SIMCA P-10 software for PLS analysis. Two significant 
components were sufficient to account for 95% of the data variance in the X block and the inner 
relationship between the Y-block PLS scores (u1) and the X-block scores (t1) had a correlation 
coefficient of 0.70 at 95% confidence interval. This lends support to the observed correlation 
between engine operating parameters and the pollutant emission factors. When fuel 
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characteristics such as fuel sulfur, fuel total aromatic and fuel poly-aromatic contents were 
included in the X block, the correlation coefficient of the inner relationship between X and Y 
blocks dropped to 0.44, suggesting that engine operating parameters are more effective in 
predicting vehicular emissions than fuel formulation. 
The results discussed above highlight the environmental and health effect benefits that 
may accrue from the use of ULSD in place of LSD in a fleet of city buses. The main findings 
support those emanating from the measurements of the particle number and mass concentrations 
of emissions from these buses (Ristovski et al., 2005). In particular, the reduction in the 
formation of nanoparticles and the nuclei mode, which were observed when ULSD fuel was 
used in that study may translate into decrease in health effects since the presence of 
nanoparticles in engine emissions enhance their health effects (Donaldson et al., 1998). 
 As for the issue of the relative importance of the impact of diesel fuel aromatics and 
sulfur content on PAH emission, no unequivocal inference can be made from the present study. 
However, it is worth noting that the LSD fuel used in this study has more poly-aromatic 
compounds and sulfur contents than ULSD. These parameters may act separately or 
synergistically to reduce PAH emissions from buses powered by ULSD. Support for such a 
point of view comes from existing literature (Mitchell et al., 2000., Mi et al., 2000; Tanaka et al., 
1998). For example, when the sulfur contents in the two diesel fuels were kept constant and the 
ratio of their aromatic contents was about 1.9:1, the ratio of the emission rate of PAH in the 
higher poly-aromatic compounds-containing fuel to the lower poly-aromatic compounds-
containing was ≈ 1.5:1 for a DDC Series 60 engine and 1.3:1 for a Navistar DTA 466 engine 
(Mitchell et al., 2000).I In the present study, the ratios of the emission from LSD buses to that 
from ULSD buses at modes 8, 10 and 11 were ≈ 7:1, 16:1 and 23: 1 respectively.  Considering 
the fact that the ratio of poly-aromatic compounds in LSD and ULSD is 1: 0 and the 
corresponding sulfur content ratio is 10:1, it is plausible to infer that fuel aromatics are not 
solely responsible for the emission of PAHs in the present study. That implies that sulfur plays 
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an important role in the emission of PAH from these buses and by strict analogy to literature 
(Mitchell et al., 2000) that role might include reduction in the condensed sulfate. It therefore 
appears that control of emissions from diesel engines would involve a combination of strategies 
including reduction in fuel poly-aromatic content, reduction in fuel sulfur content and the use of 
engine technologies and operating conditions that reduce emission of pollutants.    
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Table 1: Physical and chemical properties of LSD and ULSD fuels  
 
  LSD ULSD Method 
Sulfur content, ppm (max) 500 50 D4294 
Cetane index 46 51 D4737 
Density @ 15oC, g mL-1 0.85 0.84 D4052 
Distillation, oC (95% recovered) 371 350 D86 
Flash point, oC 61.5 61.5 D93 
Total aromatic, % mass 
       mono, % mass 
       di-, % mass 
       poly, % mass 
 
 
NAP** 
ACY** 
BNAP** 
ACE** 
FLU** 
PHE** 
ANT** 
FLT** 
PYR** 
BAA,CHR** 
BBF, BAP, IND, DBA, BGP** 
15 
12 
2 
1 
 
 
1966.6 
46.2 
Bdl 
220.2 
864.7 
441.1 
241.8 
75.2 
152.2 
24.27 
Bdl* 
9 
9 
0 
0 
 
 
39.2 
210.72 
Bdl 
99.7 
299.9 
38.4 
386.6 
38.4 
104.4 
Bdl* 
Bdl* 
IP 391 
 
 
 
 
 
 
 
 
This 
study’s 
 
*Bdl =  below detection limit;  Except otherwise indicated, the data were obtained from BP 
Australia, 2004; where D4294, D4737, D4052, D86 and D93 are ASTM methods while IP391 is 
an Institute of Petroleum Standard method;  **Determined using the method described in this 
paper and expressed as  mg L- 1; the relative standard deviations were generally  (± 1-16%)  
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Table 2:  The mean emission factors of individual PAHs (μg km-1 ± standard deviation) for the buses. 
 ULSD buses  LSD buses 
 Mode 11 Mode 10 Mode 8  Mode 11 Mode 10 Mode 8 
NAP 46 ± 76 195 ± 251 156 ± 250  7112 ± 2571 28520 ± 47186 16918 ± 15547 
ACY 23 ± 12 44 ± 26 64 ± 66  61 ± 43 114 ± 168 124 ± 82 
BNAP 14 ± 10 30 ± 38 21 ± 28  68 ± 68 228 ± 285 212 ± 256 
ACE 16 ± 13 41 ± 54 43 ± 48  48 ± 90 133 ± 344 24 ± 55 
FLU 17 ± 14 19 ± 44 4 ± 6  384 ± 1246 18 ± 35 21 ± 56 
PHE 15 ± 38 48 ± 124 21 ± 49  360 ± 724 995 ± 1603 3242 ± 6004 
ANT 60 ± 106 127 ± 296 68 ± 62  32 ± 58 38 ± 63 58 ± 85 
FLT 93 ± 154 322 ± 898 60 ± 81  166 ± 146 344 ± 324 274 ± 310 
PYR 642 ± 451 763 ± 621 893 ± 889  1567 ± 3846 5092 ± 9322 13231 ± 21126 
CRY, BAA 86 ± 128 788 ± 2402 75 ± 64  2283 ± 2558 9902 ± 15240 9898 ± 14100 
BBF 202 ± 194 372 ± 406 295 ± 326  58 ± 106 142 ± 453 1488 ± 2366 
BAP 39 ± 37 84 ± 88 108 ± 98  94 ± 58 136 ± 61 171 ± 138 
IND, DBA <0.6 <0.6 <0.6  66 ± 98 136 ± 261 179 ± 304 
BGP <0.6 <0.6 <0.6  <0.6 <0.6 <0.6 
Total 1850 ± 1339 1856 ± 946 1811 ± 424  12301 ± 5529 29726 ± 25936 41788 ± 22626 
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Table 3: PROMETHEE II complete ranking of the emissions data for each mode 
 
Ranking (from the most Mode 11 Mode 10 Mode 8 
to the least preferred) Action φ Action φ Action φ 
1 Bus4 ULSD 0.022 Bus7 ULSD 0.053 Bus12 ULSD 0.064 
2 Bus8 ULSD 0.017 Bus3 ULSD 0.049 Bus7 ULSD 0.058 
3 Bus3 ULSD 0.017 Bus5 ULSD 0.048 Bus2 ULSD 0.055 
4 Bus10 ULSD 0.017 Bus12 ULSD 0.046 Bus4 ULSD 0.052 
5 Bus7 ULSD 0.015 Bus10 ULSD 0.042 Bus5 ULSD 0.044 
6 Bus2 ULSD 0.014 Bus11 ULSD 0.040 Bus3 ULSD 0.040 
7 Bus1 ULSD 0.011 Bus5 LSD 0.033 Bus7 LSD 0.027 
8 Bus7 LSD 0.011 Bus6 ULSD 0.030 Bus6 ULSD 0.025 
9 Bus1 LSD 0.010 Bus1 LSD 0.028 Bus11 ULSD 0.023 
10 Bus11 ULSD 0.008 Bus2 ULSD 0.028 Bus1 ULSD 0.021 
11 Bus5 ULSD 0.008 Bus1 ULSD 0.023 Bus10 ULSD 0.018 
12 Bus6 ULSD 0.006 Bus7 LSD 0.019 Bus9 ULSD 0.008 
13 Bus3 LSD -0.002 Bus3 LSD 0.014 Bus5 LSD 0.007 
14 Bus9 LSD -0.004 Bus2 LSD 0.009 Bus9 LSD -0.008
15 Bus12 ULSD -0.007 Bus9 ULSD -0.002 Bus2 LSD -0.014
16 Bus2 LSD -0.009 Bus9 LSD -0.005 Bus3 LSD -0.018
17 Bus11 LSD -0.009 Bus4 ULSD -0.035 Bus12 LSD -0.083
18 Bus8 LSD -0.028 Bus8 LSD -0.047 Bus8 LSD -0.085
19 Bus5 LSD -0.028 Bus11 LSD -0.050 Bus4 LSD -0.104
20 Bus1LSD -0.032 Bus6 LSD -0.072 Bus6 LSD -0.129
21 Bus6 LSD -0.036 Bus12 LSD -0.095 - - 
22 - - Bus10 LSD -0.156 - - 
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Figure Captions 
1. The total emission factors of PAHs (mg km-1) for (a) LSD buses (N=34) and (b) ULSD 
buses (N=36) 
 
2. Comparison of the average emission factors (mg km-1) for 2 ringed, 3-4 ringed and 5-6 
ringed PAHs for each mode (the unfilled column bars correspond to emission factors of 
2-ringed PAHs; column bars filled with vertical and diagonal lines correspond to 
emission factors of 3-4 ringed and 5-6 ringed PAHs respectively) 
 
3. Percentage contributions of particle-phased (white bars) and vapour-phased PAHs (black 
bars) to the total PAHs and total BAPeq for the buses powered by (a) ULSD and (b) LSD 
fuels 
 
4. Score plots of the emission data from the LSD and ULSD buses running at (a) mode 11 
(21 objects), (b) mode 10 (22 objects) and (c) mode 8 (20 objects) ( LSD buses,  
ULSD buses; pi, π = decision axis; the dotted lines are used to demarcate the quadrants) 
 
5. Cooman’s plot of the emission data from the model of LSD buses (y-axis) versus the 
model of ULSD powered buses (x-axis) (Legend: diamond symbols correspond to LSD 
buses and square symbols correspond to ULSD buses) 
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